A restriction map of the genome of Mycoplasma pneumoniae, a small human pathogenic bacterium, was constructed by means of an ordered cosmid library which spans the complete bacterial chromosome. The positions of 143 endonuclease EcoRI restriction fragments were determined and aligned with the physical map.
A restriction map of the genome of Mycoplasma pneumoniae, a small human pathogenic bacterium, was constructed by means of an ordered cosmid library which spans the complete bacterial chromosome. The positions of 143 endonuclease EcoRI restriction fragments were determined and aligned with the physical map.
In addition, restriction sites for the rare-cutting enzymes XhgoI (25 sites) , ApaI (13 sites), NotI (2 sites), and Sfil (2 sites) were included. The resulting map consists of 185 restriction sites, has a mean resolution of 4.4 kbp, and predicts a genome size of 809 kbp. In addition, several genes were identified and mapped to their respective genomic EcoRl restriction fragments.
Until recently, the construction of genetic maps and the determination of microbial genome sizes were time-consuming procedures. DNA size measurements were performed by renaturation kinetics or electron microscopy techniques (2, 6, 9, 18) . Genetic linkage maps, like the one constructed for Escherichia coli (1), were assembled from analyses of conjugational recombination, complementation, and generalized transduction and by mapping of transposon insertions (for a review, see reference 31) .
The introduction of pulsed-field gel electrophoresis (7, 46, 49) and various two-dimensional agarose gel systems (5, 44, 64) enabled the rapid construction of low-resolution physical maps of bacterial genomes with rare-cutting enzymes such as NotI, SfiI, or AvrII (examples are given in references 3, 35, 48, and 50; for a review, see reference 49a). These strategies have the advantage of being fast and easy to perform. However, because of their low resolution, the information extracted from these physical maps is limited. Another more laborious approach uses ordered clone libraries for the construction of genomic restriction maps of more frequently cutting enzymes such as EcoRI, BamHI, and HindIII. The best-known example of such an analysis is the eight-enzyme restriction map of the E. coli K-12 W3110 genome constructed by Kohara et al. (25) .
Members of the class Mollicutes, i.e., bacteria lacking a cell wall, are known to possess the smallest genomes of all bacteria so far examined (28, 43) . Recent studies showed that their genome sizes range from 600 to 1,800 kbp (13, 36, 39, 53, 63) . Several physical maps have been established by means of pulsed-field gel electrophoresis or two-dimensional gel electrophoresis, (e.g., for Mycoplasma mycoides subsp. mycoides [40] , Mycoplasma strain PG50 [41] , Mycoplasma capricolum [62] , Mycoplasma mobile [5] , Mycoplasma genitalium [13] , and Ureaplasma urealyticum [10] ). Mycoplasma pneumoniae, a member of the class Mollicutes and the object of this study, causes primary atypical pneumonia in humans. The complete genome of this bacterium has been cloned into a set of 34 overlapping or adjacent cosmids, two X phages, and one plasmid by using a fast chromosome walking technique (59) . As a first step toward establishing a detailed physical map, an XhoI restriction map composed of 25 fragments was constructed with this cosmid clone collec-* Corresponding author.
tion (59) . The genome size was determined by summation of the sizes of the individual unique EcoRI restriction fragments of the gene bank (this enzyme was used to construct the library) and of the genomic XhoI restriction fragments. These summations yielded values of 835 and 849 kbp. In an independent study by Krause and Mawn (27) , the genome sizes were calculated to be 775 and 794 kbp, respectively. A physical map was also constructed and comprised 13 ApaI sites, 2 NotI sites, and 2 SfiI sites. In addition, the position of four genes, coding for rRNA (rrn), deoxyribose-phosphate aldolase (deoC), a high-molecular-weight protein (hmw3) (26) , and the adhesin P1 (23, 55) , have been localized on this physical map.
In order to characterize the genome of M. pneumoniae more precisely, we decided to establish a detailed EcoRI restriction map. Our strategy consists of the following steps: (i) determination of number and size of all M. pneumoniae EcoRI restriction fragments represented by the cosmid collection; (ii) construction of EcoRI restriction maps of individual cosmid clones by a modification of the technique described by Smith and Birnstiel (51) ; and (iii) assembly of the EcoRI restriction map of the complete genome by alignment of the data from the individual cosmid clones.
MATERIALS AND METHODS
Bacterial strains, growth of M. pneumoniae M129 B18, and construction of the cosmid library are described elsewhere (57 (10 ,ug/ml) onto nitrocellulose filters. The DNA was denatured in 1.5 M NaCl-0.5 M NaOH and subsequently neutralized in 1.5 M NaCl-0.5 M Tris-HCl (pH 8.0). After being dried and baked at 80°C for 2 h, the ifiters were used for hybridization. (33) .
Preparation of the high-molecular-weight size standard. Forty micrograms of EcoRI-linearized pUC18 DNA (56) Low-stringency hybridizations. For the identification of genes with probes derived from species other than M. pneumoniae, the protocol was slightly modified in order to enable cross hybridizations between conserved DNA regions. Low-stringency conditions were achieved by variation of the formamide concentration (between 20 and 40%) in the hybridization solution, reduction of hybridization temperature to 30°C, and use of washing solutions containing high salt concentraitons (2x SSC-0.1% SDS) combined with wash temperatures of 500C.
EcoRI restriction mapping of the cosmid collection. Individual cosmid clones were linearized by digestion with endonuclease SfiI (see Fig. 3 ). Linearized cosmid DNA (0.75 ,ug) was then digested partially with 2 U ofEcoRI in the presence of either 5.5 or 11 jig of sonicated calf thymus DNA in a total volume of 50 ,ul. Ten-microliter samples were taken after 0.5, 1, 2, 4, and 8 min and loaded onto a 0.6% agarose gel. Plasmid pUC18 multimers served as size markers. After electrophoresis, the gel was blotted onto nylon filters and hybridized against radioactively labelled pcosRW2 DNA.
Computer analysis. Computer analyses of DNA sequences were performed with the program package HUSAR (Heidelberg Unix Sequence Analysis Resources Release 2.0) at the German Cancer Research Center, Heidelberg, Germany, and data bank searches were carried out by using the GenBank and EMBL DNA libraries and the Dayhoff protein sequence library.
Nucleotide sequence accession numbers. The DNA sequence data were submitted to the EMBL data library. The accession numbers are X67651 for the M. pneumoniae rplP gene for 50S ribosomal protein L16, X67652 for the M. pneumoniae rpsC gene for 30S ribosomal protein S3, and X67653 for the M. pneumoniae atpA gene for ATP synthase Fl sector, a-subunit.
RESULTS
Size determination of all EcoRI restriction fragments. In a previous publication, we reported the determination of the genome size of M. pneumoniae by summation of the sizes of all unique EcoRI restriction fragments present in the cosmid collection (59) . Since these data are essential for construction of the EcoRI map, we describe here the experimental basis for this calculation. Agarose (0.4 and 1.5%) gels were used to resolve EcoRI restriction fragments of the cosmid library. An example of such a gel is shown in Fig. 1 . Figure 2 shows the size distribution of all fragments larger than 300 bp in the cosmid library. Fragments smaller than 300 bp were neglected. As described recently (59) , several other clones, including a 16.5-kbp EcoRI fragment cloned in the plasmid pSPT7 and the two phage X recombinants XX and XV, link the terminal cosmid clones pcosMPE7 and pcosMPGT9 and encompass the complete array of EcoRI fragments.
EcoRI restriction mapping of the individual cosmid clones and assembly of the genomic EcoRI map. Our method is a modification of the technique originally introduced by Smith and Birnstiel (51) . A brief description of it is shown in Fig. 3 . Instead of end-labelled fragments, the partially digested cosmids were blotted and probed with radioactively labelled vector (pcosRW2) DNA. An example is shown in Fig. 4 (45) . The final map is shown in Fig. 2 . Ambiguities remain in the pcosMPK5/E9/E30 region because of the unfavorable position of the cloned inserts with respect to the SP6 and T7 promoters, making it difficult to define the order of some fragments. In pcosMPK5, the order of the 6.6-and 0.87-kbp fragments could not be established. An 0.48-kbp EcoRI fragment in pcosMPE9/E30 has three possible locations. These ambiguities are indicated by brackets in Fig. 2 .
In the cosmid clone pcosMPG7/GT9, two EcoRI fragments with very similar sizes are present which are indistinguishable in our analysis. Therefore, the two possible positions of these fragments are shown (Fig. 2) . The map also contains a 0. (12, 45, 54, 58, 60 from a repetitive region of the P1 gene (RepMP2/3) and reacts with many EcoRI fragments in a Southern blot (Table  1 and Fig. 2) .
tRNAs. tRNAs were identified by hybridizing radioactively labelled total tRNA preparations from M. pneumoniae cells (see Materials and Methods) ATPase operon (atp). An example for the use of a heterologous probe to identify the corresponding M. pneumoniae is the FlFo-ATPase. The probe was a cloned fragment of the ATPase operon from Mycoplasma strain PG50, an operon which has been cloned and partially sequenced (42) .
Under our hybridization conditions (40% formamide-5 x SSC at 37°C), a strong positive signal appeared with cosmid pcosMPD2 and was mapped to a 4.8-kbp EcoRI fragment. DNA sequence analysis of about 450 nucleotides from one DNA strand of the cloned fragment and a computer-assisted analysis of the data revealed an open reading frame with an amino acid sequence showing significant identity (50%) to a region of atpA ofMycoplasma strain PG50 and of E. coli (24) (Fig. 5) .
Additional experiments were performed with heterologous gene probes to identify other genes which are widely spread (16) , the heat shock protein gene hsp9O (4, 29) , and the cheWgene product, which plays a role in chemotaxis (52 In summary, we concluded that the cross hybridization strategy with heterologous probes is not the method of choice for fast identification and localization of a larger number of genes for the purpose of constructing a genetic map. Because of the reduced stringency in the hybridization conditions, we frequently obtained several signals or even unique signals that turned out to be falsely positive. Therefore, it is essential in any instance to sequence the DNA of the fragment in question. The faster way of identifying genes is to sequence DNA regions by a shotgun strategy followed by the identification of possible coding regions and the search for amino acid homologies to known genes by computational analysis. Mycoplasmas, which are known to have small genomes, appear to be especially well suited for this strategy since their chromosomes should not contain too much unnecessary information (38) . As far as M. pneumoniae is concerned, where a complete ordered cosmid library exists, sequencing of the genome in an ordered fashion is a promising alternative to a shotgun approach.
